Introduction {#s0005}
============

ATP-sensitive potassium channels represent promising drug targets for treating bladder diseases based on detrusor overactivity (DO). Potassium channel openers (PCOs) relax smooth muscle cells and could be useful therapeutic agents in the treatment of specific neurogenic bladder dysfunctions, types of urinary incontinence or idiopathic DO. Urinary incontinence affects millions of people worldwide and represents a major social problem. The main goal of the present study was to examine the inhibitory effects of different PCOs on contractions of the detrusor muscle in relation to using the PCOs as additional pharmacological therapy for bladder dysfunction based on involuntary detrusor contractions. Substances mainly used for the pharmacological treatment of such diseases are antimuscarinics, e.g. oxybutynin, trospium and tolterodine. Unfortunately, their use is limited by various adverse effects and patients often have to discontinue the therapy [@b0005]. Furthermore, in some patients anticholinergic medication is ineffective and antimuscarinics used as a single medication do not lead to a sufficient therapeutic effect. Also, the placebo effect is very high, as shown in studies comparing an antimuscarinic drug and a placebo [@b0010]. The advantage of examining new drugs during *in vitro* experiments, as in the present study, is that the placebo effect often found in clinical studies is eliminated [@b0010], making the *in vitro* experiments very helpful for choosing potent substances before conducting clinical trials. Urinary incontinence is a common disease in elderly patients. As the percentage of elderly people is increasing, the incidence of urinary incontinence is also increasing. Therefore, the development and examination of alternative drugs for treating urge incontinence are also very important for this older population. In this context the disease pattern of overactive bladder (OAB), which is characterised by frequency, urgency and/or urge incontinence is important, as drugs for treating DO could also be used to treat such forms of OAB based on DO.

The ICS describes urgency (a sudden compelling desire to void), with or without urge incontinence, usually with frequency and nocturia, as the OAB syndrome, urge syndrome or urgency--frequency syndrome. This combination of symptoms is often based on urodynamically demonstrable DO, but can also be due to other forms of urethro-vesical dysfunction. The term 'OAB syndrome' should be only used if there is no confirmed infection or other obvious pathology like bladder cancer. DO is a urodynamic observation characterised by involuntary detrusor contractions during the filling phase. DO incontinence means incontinence due to an involuntary detrusor contraction. DO can also be qualified according to the cause as neurogenic DO, when there is a relevant neurological condition, or idiopathic DO, when there is no defined cause. The OAB syndrome is very common; in the USA an OAB affected 34 million people, compared to 17 million with urinary incontinence, during the year 2000 [@b0015]. It also represents a social and economic problem. In the USA the total cost of urinary incontinence and OAB for the year 2000 was \$19.5 billion and \$12.6 billion, respectively [@b0015]. An overactive detrusor can also be the reason for bladder dysfunction due to neurological disorders, e.g. Parkinson's disease, cerebral apoplexy, multiple sclerosis or transverse spinal cord syndrome. Patients who have to use intermittent self-catheterisation often have involuntary loss of urine due to involuntary detrusor contractions occurring during the intervals between successive self-catheterisations. In this patient group, drugs inhibiting the contractions of the detrusor muscle could be used locally.

Beside antimuscarinics, other possible pharmacological substances for the treatment of DO are substances that target membrane channels of muscle cells, including L-type calcium antagonists [@b0020] and PCOs. Potassium channels are important in regulating the membrane potential. Opening of the potassium channels [@b0025] by PCOs leads to a hyperpolarisation of the cell membrane of smooth muscle cells [@b0030]. It also reduces the opening probability of ion channels that are necessary for membrane depolarisation [@b0035]. Among the different classes of potassium channels, ATP-sensitive channels are interesting for their use as targets for treating bladder overactivity. Each of the three substances used in the present study represents one prototype of a different subclass of ATP-sensitive PCOs; cromakalim belongs to the benzopyran series, pinacidil is a cyanoguanidine derivative. The atypical PCO minoxidil is clinically known to treat high blood pressure [@b0040] and topically used as a hair-growth stimulant, and is a pyrimidine derivative.

The porcine detrusor muscle was used because it is one of the best models for the human detrusor muscle, e.g. it has similar adrenoceptor expressions [@b0045]. Therefore, examination of porcine detrusor muscle might allow conclusions about human detrusor and can facilitate the choice of interesting drugs which should be tested *in vivo*. In the present study we continued our previous *in vitro* experiments on porcine detrusor muscle, again using the three different prototypes of ATP-sensitive PCOs [@b0050], focusing on their inhibitory effect on the carbachol--response curve.

Materials and methods {#s0010}
=====================

Urinary bladders of female pigs (German Landrace) obtained from the abattoir in Mannheim were examined. After the pigs had been slaughtered, the bladders were removed immediately and placed in a sodium Krebs solution (composition, mM: sodium chloride 119, potassium chloride 4.6, sodium bicarbonate 15, calcium chloride 1.5, magnesium chloride 1.2, sodium dihydrogen phosphate 1.2, glucose was 1.98 g/L). *N* represents the number of different pigs and *n* the number of strips.

Smooth muscle strips were cut from the posterior wall of the bladder body, and the mucosa and serosa were removed while in sodium Krebs solution. The tissues were mounted in a 7-mL organ bath containing sodium Krebs solution, which was maintained at 37 °C and continuously gassed with 95% O~2~ and 5% CO~2~.

The composition of the K^+^ solution, pH 7.4, was (in mM): potassium chloride 124, sodium bicarbonate 15, calcium chloride 1.5, magnesium chloride 1.2, sodium dihydrogen phosphate 1.2; glucose 1.98 g/L).

The following drugs were used: carbamylcholine chloride (carbachol, molecular weight 182.65); cromakalim (286.3) and pinacidil (245.3), from Sigma--Aldrich Chemie GmbH (Taufkirchen, Germany), and minoxidil sulphate (289.3) from Alexis Biochemicals (Qbiogene-Alexis GmbH, Grünberg, Germany). Substances were dissolved as follows: cromakalim (10^−2^ M) and pinacidil (10^−2^ M) in ethanol, 100%. Minoxidil sulphate (10^−1^ M) was dissolved in dimethyl sulphoxide (DMSO). Carbachol was dissolved in 0.9% NaCl solution (10^−1^ M) and subsequently diluted in bath solution. Subsequent dilutions of these drugs were prepared in bath solution. The reported concentrations are the calculated final concentrations in the bath solution.

We assessed the inhibitory effect of the PCOs cromakalim, pinacidil and minoxidil on the carbachol--response curve. During the equilibration period of 1 h the muscle strips were placed under a tension of ≈1 g. The bath solution was changed every 30 min. The muscle strips were then contracted with 124 mm potassium solution. After maximum contraction had developed, preparations were washed four times until a steady resting level of tension was attained. This maximum potassium-induced contraction was defined as 100% (peak contraction minus baseline before the contraction) and used as the reference. Then tissue was allowed to equilibrate for 30 min. The bath solution was changed again and the appropriate drug or vehicle was added as control in the appropriate concentration to the Krebs solution. Each muscle strip was only used for one concentration of the PCO, or it was used as a control strip where only vehicle was added.

For pinacidil and minoxidil the concentrations assessed were 10^−5^, 10^−5.5^ and 10^−6^ M. For cromakalim the concentrations were 10^−5^, 10^−6^ and 10^−7^ M. In the preliminary experiments [@b0050] we found that cromakalim had a significant inhibitory effect at lower concentrations than pinacidil and minoxidil. Therefore we chose different concentrations for cromakalim than for pinacidil and minoxidil. The equilibration time was 10 min for all substances, and then the concentration--response curves (CRCs) for carbachol were constructed with no change of solution. In the associated control group only the 'vehicle' was added without the PCO. The vehicle was the solvent (ethanol or DMSO) in which the PCO was dissolved, equivalently diluted compared to the pretreated group. In this way, in each control group, the concentration of the solvent was identical to the concentration in the associated pretreated group, so that the possible influence of the solvent was excluded when the two groups were compared. The CRCs for carbachol were obtained by increasing the concentration from 10^−9^ to 10^−4^ M in a stepwise manner in 0.5 log unit increments after the response to the previous concentration had reached a plateau. Each preparation was used for only one CRC, as previous experiments showed a reduction of the contractions when several CRCs were assessed on the same muscle strip, possibly because of tachyphylaxis.

The results are expressed as the mean (SEM). When assessing the carbachol--response curve the maximum potassium-induced contraction evoked before adding the agent was defined as 100% (peak contraction minus baseline before the contraction) and used as the reference. The contraction evoked by one concentration of carbachol was compared to the equivalent value in the control group using a Student's unpaired two-tailed *t*-test. Also, the maximum carbachol-induced contraction after treatment with the PCO was determined for each concentration of one examined drug. The *P*-values calculated by Student's *t*-test are shown, and *P* \< 0.05 was taken to indicate significance.

Results {#s0015}
=======

The CRCs for carbachol are shown in [Fig. 1](#f0005){ref-type="fig"} after pretreatment with cromakalim at 10^−7^ M (A), 10^−6^ M (B) and 10^−5^ M (C). The CRC was significantly suppressed at 10^−6^ and 10^−5^ M. When using cromakalim at 10^−5^ M for pretreatment there was an undulating pattern of tension after each addition of carbachol. The recorded tension undulated around a mean value changing repetitively from a baseline value to a peak value. [Fig. 1](#f0005){ref-type="fig"}C shows not only the mean value of the tension after adding one concentration of carbachol, but also the peak value (maximum value) and baseline value (minimum value). The undulation of the tension could be related to the strong hyperpolarising effect of cromakalim at the highest concentration interfering with the internal regulation of the transport of calcium, including the calcium 'sparks'. The maximum carbachol-induced contraction after pretreatment with cromakalim in the different concentrations and the corresponding value of each control group in which only the solvent was present is shown in [Table 1](#t0005){ref-type="table"}. The unpaired two-tailed Student's *t*-test showed no significant difference in the maximum carbachol-induced contraction of the two groups.

The CRCs for carbachol are shown in [Fig. 2](#f0010){ref-type="fig"} after pretreatment with pinacidil at 10^−6^ M (A), 10^−5.5^ M (B) and 10^−5^ M (C). The CRC was significantly suppressed at 10^−5.5^ and 10^−5^ M. The maximum carbachol-induced contraction after pretreatment with pinacidil in the different concentrations and the corresponding value of each control group in which only the solvent was present is shown in [Table 1](#t0005){ref-type="table"}. The unpaired two-tailed Student's *t*-test showed no significant difference in the maximum carbachol-induced contraction.

The CRCs for carbachol are shown in [Fig. 3](#f0015){ref-type="fig"} after pretreatment with minoxidil at 10^−6^ M (A), 10^−5.5^ M (B) and 10^−5^ M (C). The CRCs for carbachol were not significantly suppressed at all concentrations except one after pretreatment with minoxidil at 10^−5.5^ and 10^−5^ M, respectively. The maximum carbachol-induced contraction after pretreatment with minoxidil in the different concentrations and the corresponding value of each control group in which only the solvent was present is shown in [Table 1](#t0005){ref-type="table"}. The unpaired two-tailed Student's *t*-test showed no significant difference in the maximum carbachol-induced contraction.

Discussion {#s0020}
==========

We examined the inhibitory effects of three different ATP-sensitive PCOs on the CRC of porcine detrusor muscle strips. Cromakalim had the greatest inhibitory effect, significantly suppressing the CRC at 10^−6^ and 10^−5^ M. Pinacidil had a significant inhibitory effect at 10^−5.5^ and 10^−5^ M, which was smaller than that of cromakalim. Minoxidil did not significantly inhibit the contractions at all examined concentrations.

Rizk et al. [@b0055] compared the inhibitory effects of cromakalim and pinacidil on detrusor muscle stimulation with those of oxybutynin in guinea pigs and rabbits. When using carbachol as stimulating agent they found the following order of potency of inhibition: oxybutynin \> pinacidil \> cromakalim in guinea pigs and oxybutynin \> cromakalim \> pinacidil in rabbits. Their experiment shows a species dependence. When using electrically induced contractions in guinea pigs, Rizk et al. [@b0055] found the following potencies: pinacidil \> cromakalim \> oxybutynin. In rabbits, it was cromakalim \> oxybutynin \> pinacidil. These results also showed that the type of contraction used can be important. In our previous experiments [@b0050] we examined the inhibitory effects of the three PCOs used in this study for inhibiting electrically evoked contractions of porcine detrusor muscle. Contrary to the study of Rizk et al. [@b0055] in guinea pigs and rabbits, the rank order of potency of the used PCOs was the same in porcine detrusor muscle when inducing the contractions by electrical field stimulation. We found that cromakalim had the greatest inhibitory effect, being significant at 10^−5^ and 10^−6^ M. Pinacidil only showed a significant inhibitory effect at 10^−5^ M, smaller than that of cromakalim. At 3 × 10^−6^ M only a very small effect occurred at 1 Hz. Minoxidil did not inhibit the electrically evoked contractions at both examined concentrations except for a very small effect at 1 Hz. Vijayakumar et al. [@b0060] showed, in goat detrusor muscle, similar results to our study, i.e. contractile responses induced by agonist or electrical field stimulation were more potently inhibited by cromakalim than pinacidil.

In the models of spinal cord injury it was shown that subcutaneous infusion of the PCO ZD0947 decreased detrusor hyperreflexia and, when given orally, was actually more effective than the antimuscarinic tolterodine in this respect [@b0065].

Pinna et al. [@b0070] examined the effects of pinacidil and the new generation PCO ZM226600 on cystometric variables in rats with OAB due to ligature-intact, partial urethral obstruction. Both ZM226600 and pinacidil instilled into the bladder (10^−7^ M) or after systemic administration almost completely abolished bladder overactivity and improved the residual volume and frequency of micturition. Pinacidil affected arterial pressure more than ZM226600, even when used locally. It decreased the mean arterial pressure after intravesical instillation by ≈ 12% and 26% at 10^−7^ and 10^−5^ M, respectively. Intravenous administration of pinacidil had more pronounced and persistent effects on mean arterial pressure than ZM226600.

The effects of the PCOs pinacidil and cromakalim in normal and hypertrophied rat detrusor were investigated *in vitro* by Malmgren et al. [@b0075]. Both drugs suppressed spontaneous contractile activity and induced a relaxation of normal and hypertrophied detrusor preparations. In both types of preparation the contractions, independent of how they were evoked, were suppressed in the presence of the PCOs. The authors suggested that PCOs might be effective in the treatment of bladder instability secondary to outlet obstruction.

Conclusions from normal detrusor muscle can be drawn in relation to the OAB. There was no significant difference between the potency of PCOs in normal and hyper-reflexic human detrusor muscle [@b0080] when comparing the effects of levcromakalim and YM934 in isolated detrusor muscle from normal and hyper-reflexic bladders. The authors suggested that there were no appreciable changes in sensitive potassium channel function in the unstable bladder. Oger et al. [@b0085] showed that pinacidil at 10^−5^ M markedly inhibited the spontaneous contractile activity of detrusor strips from normal patients and from patients with neurogenic DO. In a double-blind, crossover study the effect of pinacidil at 25 mg/day was studied in 10 patients with detrusor instability and BOO [@b0090]. Pinacidil was not effective at the dosage given. Elzayat et al. [@b0095] investigated the effect of the PCO WAY-133537 on the OAB of spinalised rats. The results were promising; neurogenic DO disappeared in half the rats that received WAY-133537 at 0.3 mg/kg for 1 week, and the frequency of DO decreased. After 2 weeks of treatment, DO was not apparent in two-thirds of the rats, with an even further reduction in the frequency of DO.

Abdel-Karim et al. [@b0100] also reported promising results when testing the efficacy of the two ATP-dependent PCOs ZD6169 and ZD0947 on detrusor hyperreflexia after spinal cord injury in rats. Three weeks after this injury detrusor hyperreflexia developed in all control paraplegic rats; the detrusor hyperreflexia resolved in two-thirds of the rats that received ZD6169 for 1 week at either dose. All rats that received 3 mg/kg ZD0947 daily for 1 week showed no detrusor hyperreflexia, while at 0.3 mg/kg daily 83% showed no detrusor hyperreflexia. Each drug produced better urodynamic results when given for 2 weeks. The results of both studies suggest that PCOs are an effective treatment for detrusor hyperreflexia after spinal cord injury. PCOs represent an interesting pharmacological approach. If substances are selective for the detrusor muscle, cardiovascular side effects, especially lowering of blood pressure, are reduced [@b0070] after systemic administration. In this case this substance class might also be used systemically. Side-effects should also be reduced using the PCOs locally by intravesical application [@b0070]. More clinical studies should focus on these interesting pharmacological substances.

In conclusion, available data on the inhibitory effects of different prototypes of PCOs on the contractility of the detrusor muscle are very rare. The present study is of great clinical interest, as it gives insights into a special pharmacological substance class until now not clinically used. It confirms our previously published first results concerning PCOs, which suggested that cromakalim and pinacidil are strong inhibitory substances on bladder smooth muscle. Cromakalim had a stronger significant inhibitory effect than pinacidil on the carbachol--response curve of porcine detrusor muscle. Minoxidil was not a good inhibiting agent. ATP-sensitive PCOs could be an interesting pharmacological substance class for treating neurogenic and idiopathic DO and special types of urge incontinence or urge syndrome. Local instillation especially seems to be an alternative to the cheap and sometimes ineffective injection of botulinum toxin, as well as for the treatment of DO refractory to anticholinergic treatment for patients who have to use intermittent self-catheterisation. Local application might also allow the clinical use of non-bladder-selective PCOs. The results of the present study show significant, strong inhibitory effects of the benzopyran cromakalim and the cyanoguanidine pinacidil. The development of derivatives of these subclasses could open new possibilities in the pharmacological treatment of relevant bladder diseases.
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![The mean cumulative CRCs of carbachol after pretreatment with cromakalim at 10^−7^ M (A: *n *= 4--6, *N *= 3--5; control group *N*, *n* = 3--4), 10^−6^ M (B: *n*, *N* = 5--7, control group *n*, *N* = 9) and 10^−5^ M (C: *n*, *N* = 4--5, control group: *n*, *N* = 4--5). As the recorded tension showed an undulating shape after using cromakalim at 10^−5^ M, the peak value as well as the baseline of the tension after adding carbachol at one concentration was determined for each curve and are shown together with the calculated mean value of the peak value and the baseline in C. Values are the mean (SEM). Appropriate values were compared with those of the control group (only treated with vehicle) in an unpaired Student's two-tailed *t*-test. *P*^∗^\<0.05, ^∗∗^\<0.01, ^∗∗∗^\<0.001. 100% was defined as maximum peak of the same muscle strip induced by high-concentration KCl solution.](gr1){#f0005}

![The mean cumulative CRCs of carbachol after pretreatment with pinacidil at 10^−6^ M (A: *n*, *N* = 8, control group *n *= 10, *N *= 9), 10^−5.5^ M (B: *n*, *N* = 5, control group *n*, *N* = 5--6) and 10^−5^ M (C: *n *= 5--6, *N *= 5, control group: *n *= 7--8, *N *= 6--7). Details as [Fig. 1](#f0005){ref-type="fig"}.](gr2){#f0010}

![The mean cumulative CRCs of carbachol after pretreatment with minoxidil at 10^−6^ M (A: *n *= 8--11, *N *= 7--9, control group: *n *= 5--7, *N *= 4--6), 10^−5.5^ M (B: *n *= 8--16, *N *= 7--11, control group: *n *= 5--10, *N *= 5--9) and 10^−5^ M (C: *n *= 6, *N *= 5, control group: *n*, *N* = 5). Details as [Fig. 1](#f0005){ref-type="fig"}.](gr3){#f0015}

###### 

The mean and SEM of the maximum carbachol-induced contraction (*C*~max~) after pretreatment with the PCOs at different concentrations. The maximum potassium-induced contraction evoked before adding the agent was defined as 100% and used as the reference.

  Group, concentration (M)   *C*~max~ (%)   SEM (%)   *n*/*N*
  -------------------------- -------------- --------- ---------
  *Control*                                           
  Cromakalim 10^−7^          185            16        4/4
  Cromakalim 10^−7^          174            8         6/5
  Cromakalim 10^−6^          174            8         9/9
  Cromakalim 10^−6^          152            8         7/7
  Cromakalim 10^−5^          168            16        5/5
  Cromakalim 10^−5^          127            15        5/5
  Pinacidil 10^−6^           195            11        10/9
  Pinacidil 10^−6^           198            13        8/8
  Pinacidil 10^−5.5^         173            12        5/5
  Pinacidil 10^−5.5^         169            19        5/5
  Pinacidil 10^−5^           184            10        7/6
  Pinacidil 10^−5^           155            19        6/5
  Minoxidil 10^−6^           155            11        7/6
  Minoxidil 10^−6^           156            7         10/9
  Minoxidil 10^−5.5^         181            9         10/9
  Minoxidil 10^−5.5^         162            9         15/11
  Minoxidil 10^−5^           162            8         5/5
  Minoxidil 10^−5^           155            10        6/5
